Results are reported on p-GaAs homojunction interfacial work function internal photoemission far infrared ͑HIWIP FIR͒ detectors with a ϳ10
I. INTRODUCTION
Single element high performance far-infrared ͑40-200 m͒ semiconductor detectors and large focal plane arrays are used for space astronomy applications, such as NASAs Space Infrared Telescope Facility program. 1 Present far infrared ͑FIR͒ detectors in use or under development for this wavelength range are extrinsic Ge photoconductors ͑stressed or unstressed͒, 2 and Ge 3 and Si 4 blocked-impurity-band ͑BIB͒ detectors. There are many technological challenges for fabricating Ge large format arrays, and GaAs BIB detectors are still in the developmental stages.
The basic structure of the homojunction interfacial work function internal photoemission ͑HIWIP͒ detector 5 consists of a heavily doped emitter layer and a barrier layer which is sandwiched between the conducting layers. For p-type structures the interfacial work function, ⌬, is the offset between the Fermi level of the emitter and the valence band edge of the barrier, which arises due to the band gap narrowing of highly doped emitter layer. The detection mechanism involves free hole absorption in the emitter layer, followed by the internal emission of photoexcited carriers across the junction barrier. These photoemitted carriers are swept out of the active region by the electric field and are collected at the contact. Initially it was believed that, in principle, GaAs FIR detectors could be designed with arbitrarily long cutoff wavelength ͓ c (m)ϭ1.24/⌬ (eV)͔, 6 since ⌬ can be made arbitrarily small with increased doping concentrations due to metal-insulator ͑Mott͒ transition. 7 As shown previously the c was tunable from 76 to 85 m by varying the Be doped emitter layer concentration from 1ϫ10 18 to 3ϫ10 18 cm Ϫ3 . 8 However, in practice the heavy-hole to light-hole transition in the valence band of highly doped emitter region limits the c value to ϳ100 m. 9 Here, carbon doped GaAs HIWIP FIR detectors with different barrier thicknesses, having a c around 70 m with high quantum efficiencies are reported.
II. EXPERIMENT
The HIWIP samples were grown by the metalorganic chemical vapor deposition technique at 610°C on a semiinsulating GaAs ͑100͒ substrate. The structures consist of a bottom contact (p ϩϩ ) layer, a barrier layer, an emitter (p ϩ ) layer, and a top contact layer as shown in Fig. 1 . Three single emitter layer structures ͑RU001, RU002, and RU003͒ with carbon as the dopant were processed. The layer parameters ͑thickness and doping level͒ of the samples shown in Table I were confirmed by secondary ion mass spectroscopy ͑SIMS͒. Mesas with different optical window areas were processed for responsivity characterization. The top contact and a part of the emitter layer were etched out, leaving about 800-Å-thick emitter regions in each sample.
The p-GaAs HIWIP FIR detectors were characterized by I-V and responsivity measurements. Here, forward bias refers to a positive voltage on the top contact while the reverse bias refers to a positive voltage on the bottom contact. Trans-mission and reflection measurements were performed with a resolution of 4 cm Ϫ1 for unetched samples using a PerkinElmer system 2000 Fourier-transform infrared spectrometer with a Si composite bolometer as the reference. Transmission was measured at normal incidence, and reflection at an incidence angle of around 8°. Absorption spectra were obtained as the difference between unity and the sum of the reflection and transmission spectra.
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III. RESULTS AND DISCUSSION
The dark current for the detectors at 4.2 K is shown in Fig. 2 . Inset ͑i͒ shows the dark current in the narrow range of the electric field from Ϫ0.02 to 0.02 V/m. The sharp increase in the dark current for RU001 at an electric field of ϳ0.01 V/m could be attributed to tunneling associated with the material defects. 11 Defect formation increases for thicker layers even for low defect materials such as GaAs. 12 However, the dark current in the bias region of operation is still low and the overall performance of the detectors is not affected.
The Arrhenius plots for determining the barrier heights under the forward electric fields of 0.005, 0.3, and 0.1 V/m for samples RU001, RU002, and RU003, respectively, are shown in the inset ͑ii͒ in Fig. 2 . The forward bias Arrhenius plot for RU002 indicates a barrier height of 14 meV while the reverse gives a barrier height of 17 meV, by extrapolating the experimental data to zero electric field. For samples RU001 and RU003 no difference was observed in the barrier height for forward and reverse bias. As seen from Table I, the  difference between the doping concentration of the emitter  (0.5ϫ10 19 cm Ϫ3 ) and the bottom contact (3ϫ10 19 cm Ϫ3 ) is largest for sample RU002, which produces a built-in electric field in the barrier that was estimated to be about 0.2 V/m. The barrier lowering due to this internal field is about 5 meV at the emitter-barrier interface. This barrier lowering and the band gap narrowing, according to the high density theory, 5 will form different barriers for the forward and reverse bias cases.
The electric field dependence of the effective barrier height for the three samples under forward bias is shown in Fig. 3 . Sample RU001 has a sharp drop in barrier height at a field strength of 0.01 V/m limiting the operating field, which is directly related to the increasing dark current discussed before. Samples RU002 and RU003 also show slow barrier lowering with increasing field due to the image force lowering, 5 and their c is expected to vary with the bias voltage.
Room temperature experimental and calculated absorption spectra for unetched pieces from the same wafers as the detector samples RU001, RU002, and RU003 are shown in interaction of radiation with free carriers and optical phonons in the frame of Lorenz model. 13 A two component freecarrier plasma consisting of heavy holes ͑HH͒ and light holes ͑LH͒ was considered. Although the light hole is only about 5% of the total concentration, the high mass ratio ͑7:1͒ of HH:LH causes the plasma frequencies for both carriers to be of the same order.
14 Details of the model and calculation of the optical electric field distribution across the structure, and reflection/transmision calculations of the structure were described in Ref. 15 . Thickness and doping level for the structures were obtained by fitting the calculated transmission and reflection spectra to the experimental results. These values are within 5% of the design parameters.
Resonant cavity enhancement, 10 attributed to the FabryPérot interference, is expected in these structures due to reflection from highly doped emitter and bottom contact layers. The resonance wavelength can be estimated by the expression
where Re(n j ) is the real component of the refractive index of the jth layer, d j is the thickness, and the summation is carried throughout the layers in the structure.
For sample RU001, taking the total thickness of the structures and the mean refractive index into account, the first (mϭ1) and second (mϭ2) order absorption peaks were calculated to be at 68 and 23 m, respectively. The first order resonance absorption peak at 68 m can be seen ͑in-dicated by arrow͒ in Fig. 4 . The second order peak for RU001 and the first order peak for samples RU002 and RU003 ͑about 14.5 and 26 m, respectively͒ are outside the measured spectral range. The sharp drop at 37 m is due to high reflection at the reststrahlen band from GaAs caused by the strong photon-optical phonon interaction.
Strong bias dependence of the experimental responsivity for three structures is shown in Figs. 5 and 6. Maximum responsivity is achieved at electric fields of 0.005, 0.2, and 0.125 V/m for forward bias and at 0.012, 0.2, and 0.25 V/m for reverse bias for samples RU001, RU002, and RU003, respectively. As expected from the dark current behavior, the performance of sample RU001 degrades as the field approaches 0.01 V/m, which was attributed to the high defect density in the barrier region. A resonance cavity peak Maximum responsivity is at 34 m, and its value are 3.3, 1.4, and 4 A/W for detectors RU001, RU002, and RU003, respectively. The first order cavity peak for detector RU001 is around the cutoff wavelength. The sharp drop around 37 m is due to the high reflection in the reststrahlen band. Arrows 1 and 2 indicate the transitions between the ground and the excited impurity ͑carbon͒ states. Arrow 1-transition
was observed around 68 m in the absorption spectum of sample RU001 presented in Fig. 4 . However, this was not observed in the responsivity spectra due to photoemission drop around the c of 70 m.
Detector RU001 has a peak responsivity ͑at 34 m͒ of 3.3 A/W and 3.5 A/W, D*ϭ1.6ϫ10 11 and 1.7 ϫ10 11 cmͱHz/W, and quantum efficiency 12% and 12.8% for forward ͑0.005 V/m͒ and reverse ͑0.012 V/m͒ bias, respectively. Even though this sample has a 4-m-thick barrier region, the 1-m-thick bottom contact compared to an 800-Å-thick emitter layer maintains a high carrier generation rate in the bottom contact. This leads to the same order of responsivity observed for both bias directions. This detector can be used as a wide band detector in the range 40-65 m with an average responsivity of 0.7 A/W.
The responsivity for the structure with 1 m barrier region ͑RU003͒ has a strong bias dependence, increasing significantly with the bias. However, the bias cannot increase indefinitely as the dark current also increases with bias. At 34 m, it has a peak responsivity of 7.4 A/W ͑4 A/W͒ giving a quantum efficiency of 27.2% ͑14.7%͒ and a detectivity D* of 3.6ϫ10 11 cmͱHz/W (1.9ϫ10 11 cmͱHz/W) for 0.15 V/m reverse ͑0.125 V/m forward͒ bias. This detector shows a broad spectrum with an average responsivity of 3 A/W in the range 40-60 m.
Responsivity peaks were observed, for forward and reverse bias spectra, at wavelengths 57 and 63 m for all samples. They can be attributed to the hole transitions from the ground state to the excited impurity states in the relatively low-doped barrier layers. It has been shown, from the photoconductivity measurements, that the wavelength corresponding to transitions from the ground to the third excited impurity state ͓1S 3/2 (⌫ 8 )→2 P 5/2 (⌫ 7 )͔ is 58.2 m and from the ground to the second excited state ͓1S 3/2 (⌫ 8 ) →2 P 5/2 (⌫ 8 )͔ is 63.9 m. 16 The degenerate excited state 2 P 5/2 splits into two states, 2 P 5/2 (⌫ 7 ) and 2 P 5/2 (⌫ 8 ), under the ''spin-orbit'' interaction in accordance with the point group symmetry in the zinc-blende structure of GaAs, that are denoted by the notations (⌫ 7 ) and (⌫ 8 ). 17 The wavelength corresponding to the transition from the ground state to the first excited state is 81 m and lies outside the c .
At low temperatures T, the carriers have insufficient thermal energy (kT, where k is the Boltzmann's constant͒ to occupy the excited states; hence, the ground state is mostly occupied. The enhancement of the photocurrent at these wavelengths is due to the transitions from the ground to the excited states and subsequent tunneling in the valence band through the barrier formed by the Coulomb potential of the acceptor and the external electric field. The last transition has a strong dependence on the electric field. As seen in Figs. 5 and 6, the strongest transitions were observed at the highest field. The small deviation in the peaks for sample RU002 and RU003 may be due to the Stark shift of the impurity levels caused by high electric field.
Increased responsivity in the 40-50 m region due to transitions from the ground to the valence band is shown in Figs. 5 and 6. In accordance with Ref. 16 the ground state of the impurity lies at 26.9 meV above the valence band; therefore, the transition from the impurity ground to the valence band states would be expected around 46 m. Transitions from the ground state to higher excited states (1S→3 P) and from the ground state to continuum, in the range 40-50 m, have also been observed. 16 They are more pronounced at low temperatures due to increased probability of ground-state occupation.
Peak responsivity, quantum efficiency, and detectivity of single emitter samples RU001, RU002, and RU003 are compared with another sample 9604 having 20 periods of emitter/barrier structure ͑total thickness of the emitters is 0.3 m͒, reported previously, 18 as shown in Table II . Even though all three present detectors are single emitter structures, the responsivity is much greater than the multilayer structures that have been previously demonstrated. 19 These detectors have a c of about 65-70 m, which agrees with the interfacial work function calculated from the Arrhenius plots.
The main parameters of the detectors ͑responsivity, quantum efficiency, and detectivity͒ at wavelengths corresponding to transitions from the ground to excited impurity states are presented in Table III , indicating the highest responsivity for sample RU003. The low responsivity in RU001 is due to the high density of defects present in the structure preventing the operation at comparable electric fields. Sample RU002 has the lowest number of impurities due to its thin barrier region. As a result, it has the lowest responsivity.
The energy of plasma oscillations for the 5 ϫ10
18 cm Ϫ3 doped emitter layer of sample RU002 is ប ϭ33.6 meV, while the optical phonon energies are ប TO FIG. 6. The experimental responsivity spectra for detectors at 4.2 K under different reverse electric fields. Maximum responsivity is at 34 m, and its value are 3.5, 3.6, and 7.4 A/W for detectors RU001, RU002, and RU003, respectively. The first order cavity peak for detector RU001 is around the cutoff wavelength. The sharp drop around 37 m is due to the high reflection in the reststrahlen band. Arrows 1 and 2 indicate the transitions between the ground and the excited impurity ͑carbon͒ states. Arrow 1-transition
High responsivity at 58 m for sample RU003 is due to higher electric field and higher probability of the transition from the ground to the excited state.
ϭ33.2 meV and ប LO ϭ36.1 meV. This produces a strong coupling between plasma oscillations and polar lattice vibrations giving rise to a plasmon with high damping, renormalizing the plasmon frequency, 20 and changing the free carrier absorption mechanism. The energy of plasma frequencies for samples RU001 and RU003 are 60.2 and 58.3 meV, respectively, shows the difference between the plasma and phonon frequencies for these samples is greater than for RU002, producing a weak phonon-plasmon coupling.
The responsivity calculations were performed by considering photoexcitation of holes in the emitter, photoemission, and hot-hole transport. Total quantum efficiency is the product of photon absorption, internal photoemission, and hothole transport probabilities, ϭ a i t . Responsivity at wavelength is given by
where q is the electron charge, c is the speed of light in vacuum, and h is Planck's constant. The quantum efficiency of the internal photoemission i and hot-hole transport t
were calculated using the model described before. 5 The photon absorption probability a is defined as the fraction of the incident light that is absorbed by the free holes in the emitter and is calculated from the expression
where Im͓()͔ is the imaginary part of the dielectric constant, is the frequency, /cϭ2/ is the wave number of the incident light, E is the electric field of the electromagnetic wave inside the layer, E 0 is the electric field of the incident radiation, and W is the thickness of the emitter layer. The dielectric constant () has two additive parts describing the light interaction with the free carriers and optical phonons. In Eq. ͑3͒ only the energy dissipation of the incident radiation by the free carriers is included, since only the photoexcited carriers contribute to photocurrent. Energy dissipated by phonon generation goes into the crystal lattice.
The value of a is proportional to the mean square of the optical electric field in the structure. A calculation of the electric field distribution across the structure was carried out taking both the free carrier and optical phonon contributions to the permittivity into account. Formation of the standing waves in a structure has been discussed in detail before. 15 The calculated and experimental spectral response measured at 4.2 K under forward and reverse bias are shown in Figs. 7 and 8 , respectively. Since the model does not include ABLE III. Figures of merit ͑peak responsivity, quantum efficiency, and detectivity͒ for the single emitter detectors RU001, RU002, and RU003 at wavelengths 58 and 64 m, corresponding to transitions from the ground to the third and from the ground to the second excited states of the impurity ͑carbon͒, respectively. The maximum responsivity is achieved for the sample RU003, whereas high density of defects would not allow the electric field to be increased significantly for the sample RU001, and sample RU002 has the lowest barrier thickness resulting in the lowest number of the impurities.
Sample
No. any electric field effects, the comparison with calculations was done for the low-bias experimental results. The calculations were carried out using the structure parameters ͑thick-nesses and doping concentration͒ obtained by fitting the experimental reflection/transmission spectra to the calculated spectra. The emitter layer was 800 Å, which was the thickness remaining after the etching process. A reasonable agreement between experimental and calculated curves is observed in Figs. 7 and 8. The peak at 34 m and the sharp drop at 37 m are due to the interaction of radiation with LO and TO optical phonons and the variation of the optical electric field in the emitter and bottom contact as discussed later. The peaks at 58 and 64 m, and the increased responsivity in the 40-50 m spectral range in the experimental curves are due to transitions from the ground to the excited states of the impurity and from the ground to the valence band that were not included in the theoretical model. The forward and reverse bias responsivity at low electric fields for sample RU002, having a 0.1 m barrier layer thickness, is the lowest compared to the other two samples as shown in Figs. 7 and 8. This is due to the low optical electric field in the emitter. In accordance with the boundary conditions, tangential component of the electric field of the total incident and reflected waves must be zero at the surface of the highly conducting bottom contact. The electric field of the standing wave formed in the structure increases with the distance and has a maximum at a distance about a quarter wavelength from the bottom contact. Since the gap between the emitter and the highly doped bottom contact is the smallest for sample RU002, it has the lowest resultant optical electric field in the emitter. This leads to a very low photon absorption probability in accordance with Eq. ͑3͒, and therefore the loss in the responsivity.
This conclusion is confirmed by optical electric field calculations for these structures. The spectra of the normalized mean square optical electric field across the emitter and the bottom contact layers are shown in Fig. 9 . The field for sample RU002 is the lowest compared to the others. This together with the lowest emitter concentration, leads to the lowest responsivity. The sharp drop at wavelength of 36.7 m ͑where the permittivity drastically increases͒ is due to TO phonons. At the wavelength of LO phonons ͑33.9 m͒ the permittivity is almost zero, creating a high electric field, which produces a responsivity peak in the experimental curves in Figs. 5 and 6 . The first order resonance cavity peak 9 . Calculated mean square of optical electric field across the emitter and bottom contact layers of the three samples. The lowest electric field produced the lowest responsivity for sample RU002. Sharp drop at TO phonon frequency ͑36.7 m͒ is due to the sharp increase of the permittivity in the vicinity. The peak electric field at LO phonon frequency ͑33.9 m͒ is due to the dropping of permittivity to zero. The drop and rise of electric field result in the drop and rise of the responsivity as in the Figs. 5 and 6. was seen at 68 m for sample RU001. The second order peak for this sample and the first order peak for samples RU002 and RU003 are outside the measured spectral range, as indicated earlier. The small peak shift, towards the short wavelength from 33.9 m, for sample RU001 is due to the contribution of the strong second order resonant cavity peak at around 23 m. The optical electric field in the emitter is less than that in the bottom contact for all samples as seen in Fig. 9 . The relative magnitude of the responsivity for forward and reverse directions ͑photogeneration of holes in the emitter and the bottom contact, respectively͒ depends on the relative values of the optical electric fields, thickness, and the hole scattering length.
The optical electric field distribution of the standing wave across the structures for 34 m is shown in Fig. 10 . The maximum intensity is obtained at the emitter surface and the field in the bottom contact is very low for all samples. Sample RU002 has a relatively low electric field inside the barrier and at the surface, resulting in the lowest responsivity. Since the skin depth corresponding to 34 m is greater than the thickness of the emitter and the bottom contact, the sample would allow the radiation to penetrate into the substrate.
From Eq. ͑3͒, photon absorption probability in the layers depends not only on the electric field, but also on the imaginary part of the dielectric constant depending on the doping concentration. The distribution of generation rate, defined as the attenuation rate of a across the structure, for 34 m radiation is shown in Fig. 11 . Sample RU002 has the lowest generation rate in the emitter leading to the lowest responsivity. This is due to the weak optical electric field in the emitter and its low doping concentration. As shown in Fig.  11 , in contrast to the emitter, the generation rate in the bottom contact is nonuniform, and this was taken into account for the responsivity calculation.
IV. CONCLUSION
In summary, HIWIP detectors with enhanced responsivity, low dark current, and remarkably high quantum efficiency have been observed. Even though all detectors are single emitter layer structures, the responsivity is greater than for the previously demonstrated multilayer structures. Responsivity and cutoff wavelength show a strong bias dependence. The main features of the absorption and responsivity spectra are well described by the model of free heavy/ light hole absorption, photoemission, and hot carrier transport. Increased responsivity at range 40-60 m is due to transitions from ground to excited states of the impurity. FIG. 10 . Calculated optical electric field distribution of the standing wave generated in the samples at wavelength 34 m. The maximum field is achieved at the surface. Low electric field for sample RU002 is due to the smallest barrier thickness compared to RU001 and RU003.
FIG. 11. Calculated generation rate across the structures at wavelength 34 m. High generation rate in the emitter and the bottom contact is a result of high doping concentration. For the sample RU002 the generation rate in the emitter is lower compared to that in the bottom contact.
